We present the desired performance specifications for an advanced optical imager, which borrows practical concepts in high-speed microchannel plate (MCP) intensified x-ray stripline imagers and time-dilation techniques. With a four-fold speed improvement in state-of-the-art high-voltage impulse drivers, and novel atomic-layer deposition MCPs, we tender a design capable of 5 ps optical gating without the use of magnetic field confinement of the photoelectrons. We analyze the electron dispersion effects in the MCP and their implications for gating pulses shorter than the MCP transit time. We present a wideband design printed-circuit version of the Series Transmission Line Transformer (STLT) that makes use of 50-ohm coaxial 1.0 mm (110 GHz) and 1.85 mm (65 GHz) hermetically sealed vacuum feedthroughs and low-dispersion Teflon/Kapton circuit materials without the use of any vias. The STLT matches impedance at all interfaces with a 16:1 impedance (4:1 voltage) reduction, and delivers a dispersion-limited sharp impulse to the MCP strip. A comparison of microstrip design calculations is given, showing variances between method of moments, empirical codes, and finite element methods for broad, low-impedance traces. Prototype performance measurements are forthcoming.
INTRODUCTION
Fast microchannel plate (MCP) stripline imagers have been used successfully over many decades for diagnosing high energy density (HED) physics experiments, striving to increase speed performance without sacrificing dynamic range (DR) . Surprisingly, however, performance has only marginally increased since early demonstrations. Practical experience shows that an exponential electron gain in the MCP provides optical response approximately two to three times faster than the applied electrical gating pulse, yet one would expect that pulses shorter than electron transit time through the MCP would have little effective gain. Eberhardt's 1 model of (static) electron gain predicts MCP behavior analogous to a dynode arrangement in photomultiplier tubes (PMTs). Explained as the energy proportionality hypothesis, the statistical energy spread of secondary electrons encounters some stabilizing feedback on successive collisions in the MCP channel, and this behavior greatly simplifies the gain analysis resulting in reliable MCP design parameters such as gain-voltage slope, number of stages, and mean time of flight. Kilkenny 2 was one of the first experimentalists to produce 100 ps imagers with standard MCPs, and Bell 3 demonstrated a 40 ps imager on HED experiments using a dual (chevroned) MCP. Yet, it was not clear whether speed limitations were inherent to the gating electronics, or the MCP itself. A detailed analysis of fast gate profiles for high-DR imagers was performed by Landen 4 using "flat-topped" voltage gates of 400-320 ps, showing optical response from 80-15 ps, but with gain falling to 0 through the gate reduction, which clearly supported the transit time limitation. He acknowledges that sharper pulses were necessary and thinner MCPs should be tested with shorter transit time, yet posited that ultimate optical performance would stop at 50 ps for standard MCPs, based on transit time dispersion estimates.
More recently, Kyrala 5 and Oertel 6, 7 have made great strides towards increasing reliable operation of gated MCP imagers. However, applied electrical gate times are still just 200 ps. Whether this is due to technology limitations, commercial availability, or a desire to match standard MCP transit times is still debatable, but the desire for higher speed remains paramount. A recent stunning demonstration of 5 ps images by Hilsabeck 8 uses an ingenious time-dilation effect. A 1 kV, 200 ps photocathode gate provides energy dispersion, which spreads the 5 ps (peak) electron bunch out to 200 ps after drifting a 50 cm space. However, a large magnetic field is necessary to confine the electrons and prevent defocusing. Yet, although quite impressive in terms of speed, such a magnetic field and drift space is extremely difficult to accommodate in HED experiments with tight space constraints and sensitivity to magnetic fields.
We at National Security Technologies, LLC (NSTec), have been challenged to reach another solution, one requiring no magnetic field and accommodating a very tight space constraint. We harken back to the days of MCP imager development, and Bell's portent of imagers faster than 40 ps, believing that new technologies make direct electro-optical gating possible. We have developed a faster switch design that should be capable of 10 ps high-voltage impulses, a wideband transformer design operable to 110 GHz, and we expect greater variety of design parameters, higher gain, and faster speed from Atomic Layer Deposition (ALD) MCPs 9, 10 . Herein, we take another look at Eberhardt's model and cite where "non-standard" MCPs can be useful for ultrafast temporal response, and we also examine the benefit of small amounts of time-dilation with short drift spaces. We further present electrical designs to support the wideband performance of such an MCP.
Dynode Gain Model
Eberhardt shows with the energy proportionality hypothesis that the mean distance between wall encounters is a fixed proportion, β, of the channel diameter, D, on the order of 2.5 for standard MCPs. For channel aspect ratio, α, the characteristic number of dynodes, n, is α/β, around 16 for α=40. We are interested in the transit time for n-1 wall encounters because the first has large incoming energy and needs no acceleration. Standard practice is to bias MCP to the threshold for unity DC gain, and then pulse for high DR gain. Assuming constant acceleration between wall encounters, one arrives at the total mean time of flight through the channel for the applied voltage, V, with which to gauge the necessary pulse:
The electron mass and charge are m e and q e respectively. For an applied DC voltage of 500 V and 1000 V pulse, diameter of 6 μm and the α, β values above, the channel transit time is just under 80 ps. Note the overall thickness, αD, is 240 μm, and this example represents the best historically available (but expensive) MCP. Standard "off-the-shelf" commercial MCPs with this small of pore diameter are limited to greater thicknesses (α=60) as thinner MCPs tend to warp or fracture during the lead reduction processing.
Advantageously, the ALD process allows deposition of individual layers of resistive and secondary electron emissive materials, with secondary emission coefficients as high as 8. Rather than lead-silicate glass with thermo-chemical etching, inexpensive hollow borosilicate glass capillaries are drawn into very precise array blocks, resulting in more physically robust MCPs, with better optimization of gain. Pore sizes of 2 μm are possible with α=40 (80 μm thick). Such a device would have a channel transit time of just 25 ps. Beaulieu claims 20 ps resolution and 10 times the gain of conventional MCPs. For modest gains with the new ALD process, a reduction in wall encounters can be afforded in order to reduce the transit time further. Keeping the 6 um diameter but thinning to 80 um will provide a transit time of just 13 ps, and slight gain narrowing of the electro-optical response should reach below 10 ps. The aspect ratio is only 13, with just 5 effective dynodes, but still promises a gain of at least 5000. Without further data on the new boundaries of ALD MCPs, it is difficult to project gain performance at reduced transit time. However, even at much reduced gain, the MCP can be used as just a shutter, like a grid. But unlike grids, the MCPs can be manufactured with carefully controlled wideband impedance. Gain can be provided with a second layer of static MCP. This we believe was Bell's intent with his 40 ps chevroned imager.
Time-Dilation Drift
The prospect of time dilation of the photoelectrons is intriguing for extending effective bandwidth beyond the 100 GHz range. With just a modest dilation of 2, rather than 20, ALD MCPs and high-bandwidth electronic drivers should be able to achieve 5 ps optical response. However, two factors affect the attainable amount of drift and dilation: the space-charge repulsion of the electron beam, and the radial spread in initial electron energy. Hilsabeck applies a large magnetic field to confine the Larmor orbits to within a resolution element. Let Substituting a drift length, L, and velocity, v, for time, we can express in terms of beam energy, U. But the essential quantity to appreciate is total charge expressed as the number of electrons per resolution element, N e/pix , and the total number of elements, N pix , spanning the cloud.
For a typical sensor readout, 2k × 2k, 18 μm pixels, 50 cm drift space, 4 kV beam energy, and just 1 electron per resolution element (no dynamic range to speak of), the radial expansion is about 1 mm, which could be barely negligible. However, for typical dynamic range above 10 (100 to 1000 electrons per resolution element), the radial expansion is unacceptable, and the magnetic field is absolutely necessary. Hilsabeck has expressed the onset of significant spacecharge effects at 1 mA/mm 2 , which is equivalent to just 2 electrons per picosecond for one resolution element. Alternatively, we can calculate the longest (magnetic field-free) drift space for acceptable dynamic range and negligible expansion:
2 N e / pix N pix U [4] For 100 electrons per resolution element, radial expansion, Δr of just one pixel, and the same parameters as above, the beam can drift about 6 mm (320 ps), which is quite longer than the ~500 microns usually allowed in a proximity focused photocathode.
The second factor affecting the drift length, radial energy spread of the initial photoelectrons, should be the more restrictive. We can estimate the maximal drift space for a high-voltage dilation pulse, which would be equivalent to the usual photocathode gating and resolution specification. The acceleration, a, in this instance is not constant, but depends on the applied voltage ramp. We can simply assume a linear ramp with time, V't to represent the rising edge of the pulse, and photoelectron crosses the gap during the leading edge:
Integrating twice, and equating z d with z(t d ), we have the acceleration (drift) distance, where drift time is set by the median radial energy, U r , and resolution ρ:
For a typical resolution of ρ=33 μm (30 lp/mm), median radial energy of 0.5 eV, we have a maximum drift time, t d of 80 ps. If we apply a standard 4 kV, 160 ps gate pulse (80 ps HWHM), then the limiting acceleration gap, z d , is 0.9 mm. Wider gaps can be used if the gate pulse is faster than the radial drift (defocus) time. The minimum ramp speed depends on the desired dilation. Hilsabeck gives dilation factor with the drift section excluding the acceleration distance of the grid, and is appropriate for long drift space. For dilation within the acceleration section, a simple argument is made: A 2× dilation would require a sharper pulse, by the same factor: an 80 ps FWHM pulse. Figure 1 shows two typical gated MCP imagers, the left having a sealed intensifier tube intended for high-speed singleframe 18 mm visible images, and the right, a Gated X-Ray Diagnostic (GXD) incorporating four independent strips, intended for mounting in a vacuum system and acquiring direct x-pinhole images. What they have in common is the stripline geometry, to be driven with ~100 ps high-voltage gate pulses. The 2-D imager accepts a printed 3-ohm circuit transformer, mated to a 50-ohm source, while the four-strip imager shows the four individual 12.5-ohm strip transformers, each mated to a 50-ohm drive. The optical imager differs in that it uses a photocathode, which would work well for small time dilation, but the braze rings and MCP support structure incur unavoidable impedance mismatch. What we desire is to incorporate a high-bandwidth electrical feedthrough and stripline connections similar to the GXD. Figure 2 shows a conceptual design model of a testing platform to measure advanced MCP and transmission line drivers. Much of the construction has been completed and processing steps defined. It is cut from a conflat flange for ease of assembly and disassembly. The signal path includes a wideband printed circuit Series Transmission-Line Transformer (STLT) connecting the MCP to wideband coaxial feedthroughs from Anritsu, either W1 or V. These feedthroughs serve as both the signal conduit and vacuum seal. The concept of operation is to gate the photocathode with a modest high voltage pulse. A drift (acceleration) space as much as 2 to 4 mm can allow a small amount of dilation with negligible defocus. At the time of peak arrival, the fast MCP gate pulse arrives. This sensor is typically just 10 mm across, for a signal propagation time of 45 ps roughly. In this sense, the image is much like that of an X-ray imager rather than a 2-D framed image. However, if the incoming light is angled along the strip direction, the arrival time of the optical signal and electrical gate pulse can be in phase. 
IMAGER DEVELOPMENT Existing High-Speed Imagers

Picosecond Imager Concepts
High Voltage Pulsers
In 2004 we developed fast chargeline avalanche pulsers 11 , similar to the work of Rex Booth 12 at Lawrence Livermore National Laboratory, but with commercial printed circuit techniques, and stripline rather than lumped-element treatment. We formalized the design as displayed in Figure 3 , with an exponential impedance taper, beginning with 1 ohm termination at the bottom of the stack, and ending at 50 ohms at the top of the stack, with 50-ohm series/parallel combination of 25-ohm charge line, and two 50-ohm output lines. The broadband dielectric, Rogers 3006, was chosen in three staged thicknesses of 5, 10, and 25 mils in order to keep the pads adequately sized. We included a regulator diode stack and high-voltage resistor bridge, with precise culling to guarantee trouble-free, reliable operation of the stack. Integrated into the backside is a fourth printed circuit substrate including an avalanche trigger, inverting 2× TLT, and trigger distribution network, delivering sharp 300 volt (V) identical triggers simultaneously to each base in the avalanche stack. The version can bias to 3300 V, and produce two identical 1500 V 50-ohm outputs with square, 80 ps edges. Performance is displayed in Figure 4 with two different chargelines. In Figure 4A , we have a 3 ns chargeline to distinguish the back edge of the pulse. Note the trailing edge is not impedance matched, as the chargeline reflection views the 25-ohm output line and 50-ohm pulser in series for a mismatch of 50%. Future designs will be matched in the reverse direction so as to terminate the pulse and provide clean return to baseline. Also note the leading edge incurs some parasitic inductance, although it is usually negligibly slight, but this one incurred some damage during reattachment of the chargeline. The ringing in the bulk of the pulse is due to parasitic inductance between the transistors and across the pads. It can be reduced with optimal capacitive coupling across the gaps, although such attempts usually (catastrophically) arc the stack. More elaborate strip techniques can accomplish this in a controlled manner, so long as the DC bias breakdown is managed. The ultimate speed of this design, as Bell pointed out in private communication to Booth, is about 75 ps, as demonstrated again here. This degradation is due to the parasitic transistor package inductance, 1.7 nH. For 50-ohm output, the L/R time constant is 34 ps, for 75 ps 10%-90% fall time.
We have determined through literature on the topic, our own experience, and discussions with Booth, that the breakdown mechanism of an avalanche transistor has little to do with the usual ohmic conduction treatment, and everything to do with the (nearly instantaneous) displacement current propagating along the stack. Vainshtein's 13 treatment was the first to include the displacement current (rather than Poisson), and he concluded that the transistor avalanche depends greatly on the driving circuitry around it. However, he only tested individual transistors. Placed in a stack, biased near selftriggering, and with an ever-sharpening wavefront advancing in the non-linear transmission line, the avalanche transistors break down as fast as the wavefront can propagate across the die. Our new designs make greater use of stripline techniques and eliminate or reduce parasitic inductance to less than a picohenry, with operation to 10 kV. Only material dispersion in the transformer is appreciable for the 10 ps target. 
Transmission Line Transformer
Klopfenstein transformers were used in the early work by Oertel, and provided a simple, smooth taper circuit for matching impedance. However, the required length for negligible passband reflection can be longer than desired, and finite reflections exist at the ends of the taper. Later imagers by Oertel used a circuit board TLT for compactness. The advantage of a TLT is impedance-matched performance in a small package. Low frequency shunt impedance can be augmented with ferrite if necessary, but generally a TLT should behave like an ideal high-pass filter. The Series-TLT shown in Figure 5 is similar to the ones we first created in 2003 14, 15 . It accomplishes a 50-ohm to 3-ohm reduction in two sequences of series/parallel splits, but this one does so completely in stripline/parallel-plate form without the use of vias. The transformer CAD model is parametric, with calculated widths established at each crossbar in Figure 5 . We can update the model easily as needed, should calculations be updated or time-domain reflectometry measurements reveal variances between design and manufacture. Calculations were made using three methods: empirical code (used by Rogers Corp and many others) from Hammerstad and Jensen 16 , with filling factors by Kirshning and Jansen
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, methodof-moments (MoM) calculator TA from EE Circle, and finite element modeling (FEM) with Comsol Multiphysics. In all, they agree for microstrip calculations near 50 ohms, but differ substantially for broader, low impedance microstrip. We use a mix of transmission line types, microstrip, stripline, parallel-plate, both embedded and air-interface types, so it is quickest to use the empirical code. Parallel-plate can be approximated as two back-to-back microstrips of half the impedance. For transitions between microstrip and parallel-plate, it is useful to use the MoM calculator for quick results. However, we find that the MoM encounters difficulties with any asymmetric vertical structure such as transitions, and high-impedance embedded microstrip. (The calculation runs into an infinite series of image charges which is not handled well and gives erroneous values near a resonant size.) Therefore, we tend to use the FEM calculation as a baseline. The calculations are long, yet fruitful to develop a dataset to rely on. Figure 6 shows FEM impedance calculations over a broad range of widths for various thickness of Pyralux TK. These are not just the standard core thicknesses, but include intermediate values which can be achieved in thermopressing. The calculation points include some error, and so the curves are plotted on a base-2 log-log chart normalized to 50 ohms and 1000 microns. As a gentle monotonic behavior is expected, a low-order regression is used to smooth the impedance values. This best-fit gentle curve represents the truest form of the impedance if the calculations were made with ultimate high resolution (but inordinately longer processing time). From the curves, we find the roots (widths) for constant impedances, 50, 25, and 12.5 ohm. The curves of width versus thickness are plotted for each constant impedance in Figure 7 , and are used to plot the constant impedance tapers in the STLT. MoM had some difficulty on the low-impedance traces with large thickness (relative to the embedded thickness of 300 μm). The curves are surprisingly linear, and so an interpolation can be used in practice. 
Impedance Tapers
Impedance tapers may have some utility at higher frequency for differentiating an impulse, making it sharper, and are worth addressing, especially since the fabrication can be quite simpler than an STLT. Equation 7 shows the frequency response for a simple one-pole high-pass filter with time constant, τ. Magnitude and phase components are shown as well. Equation 8 is the time-domain representation, obtained by inverse transforming, and includes a positive delta function and negative Heaviside exponential product. Intuitively we know that the exponential response is a function of the single-pole filter, and it must be negative with unity integral to exactly cancel the delta integral. (When performing numerically, one must adjust the amplitude of the delta function to accomplish the zero sum.) Figure 8 shows the frequency response, normalized to the time constant, and a Gaussian frequency response for the same width as the filter. Figure 9 shows the temporal response. Note how the high-pass filtered Gaussian has narrowed positive height (at the expense of amplitude).
ωτ ( ) [7] δ(t) − θ(t) Time (T) Figure 9 . High-pass filter temporal response from Equation 8 (red) with Gaussian pulse (blue) and filtered Gaussian pulse (green) demonstrating differentiation and pulse narrowing (at the expense of amplitude).
The Klopfenstein 18 taper is a Dolph-Chebyshev high-pass filter, and has the shortest possible length for a given return loss in the pass-band, about half a wavelength for the desired cutoff. However, for RF applications in a small compact space, one can be operating in the relatively low-frequency performance, especially for broadband time-domain pulses.
Klopfenstein's treatment is approximate, wherein the governing differential equation [9] for reflection ρ(x) along the transmission line of impedance Z(x) is simplified and solvable by dropping the ρ 2 term.
This approximation works for the passband where reflection is truly negligible, but doesn't work precisely for time domain signals with low frequency components. The quantity 1-ρ 2 is the transmission through a section, and by dropping the ρ 2 term, transmission is always 1, grossly erring for the low-frequency behavior. Klopfenstein's solution applied to an exponential impedance taper predicts a sinc(2πx/λ) frequency response for reflection, which is the fourier transform of a rectangular window filter in the time domain. This continuous reflection everywhere along the taper is predicted to be a uniform amplitude the length of the taper, and yet it should (physically) exhibit some dispersive effect. The actual response is easily seem by either SPICE modeling with several discrete short segments of transmission line, or by performing the finite element analysis with Comsol Mutliphysics. The FEM swept frequency response is shown in Figure 10 , and a Gaussian window filter is applied to suppress high-frequency noise, as evident in Figure 11 . Note how the rectangle function predicted by Klopfenstein is high-pass filtered (the droopy characteristic) by the exponential taper. The transmission impulse is likewise high-pass filtered. The Klopfenstein filter has other unsalient features, with a mismatch at each end of the taper. Hecken 19 has modified Klopfenstein's treatment, to eliminate the mismatches, but it results in a longer taper. For one expecting unfiltered signals, these tapers may be too long to accommodate. Exact treatment of these tapers, accounting for phase as well as magnitude, is beyond our scope here, but the effects are elucidated in the high-pass filter response. 
FUTURE WORK
Further finite element modeling of the end-to-end temporal and frequency domain is expected to fine-tune the transmission line parameters and verify the material dispersion effects. Other new materials such a Topas Copolymer promise dispersionless electronic material. We will construct the STLT and measure its performance against the design, and likely iterate at least once to improve the impedance matching throughout the STLT. Impedance tapers may prove useful, and even necessary for thin MCP. We expect to qualify Incom ALD MCPs for imaging purposes and will specify a design for ultrafast response. The tube processing and assembly is defined and will be tested. The advanced avalanche pulser design remains to be fabricated and tested. Further investigation to time-dilation inside the acceleration gap is needed. A successful demonstration should yield a multi-frame imager design.
CONCLUSIONS
We have examined several aspects of high-speed MCP gated imager design and believe 5 ps imaging is possible. New ALD MCPs offer greater flexibility in MCP design with thin wafers and variety on aspect ratio. We are confident that 10 ps optical response is achievable with modest gain, and that 10 ps high-voltage drivers can be fabricated, and sharp impulses delivered to the sensor with STLTs. The prospect of slight time dilation without magnetic field over a short 2 mm distance is plausible, yielding effective bandwidths of 200 GHz. Certainly, 1 ps (THz) imaging seems plausible with the use of magnetically confined time-dilation.
